Background: Multiparametric magnetic resonance imaging (mpMRI) interpreted by experts is a powerful tool for diagnosing prostate cancer. However, the generalizability of published results across radiologists of varying expertise has not been verified. Objective: To assess variability in mpMRI reporting and diagnostic accuracy across radiologists of varying experience in routine clinical care. Design, setting, and participants: Men who underwent mpMRI and MR-fusion biopsy between 2014-2016. Each MRI scan was read by one of nine radiologists using the Prostate Imaging Reporting and Data System (PIRADS) and was not re-read before biopsy. Biopsy histopathology was the reference standard. Outcome measurements and statistical analysis: Outcomes were the PIRADS score distribution and diagnostic accuracy across nine radiologists. We evaluated the association between age, prostate-specific antigen, PIRADS score, and radiologist in predicting clinically significant cancer (Gleason 7) using multivariable logistic regression. We conducted sensitivity analyses for case volume and changes in accuracy over time. Results and limitations: We analyzed data for 409 subjects with 503 MRI lesions. While the number of lesions (mean 1.2 lesions/patient) did not differ across radiologists, substantial variation existed in PIRADS distribution and cancer yield. The significant cancer detection rate was 3-27% for PIRADS 3 lesions, 23-65% for PIRADS 4, and 40-80% for PIRADS 5 across radiologists. Some 13-60% of men with a PIRADS score of <3 on MRI harbored clinically significant cancer. The area under the receiver operating characteristic curve varied from 0.69 to 0.81 for detection of clinically significant cancer. PIRADS score (p < 0.0001) and radiologist (p = 0.042) were independently associated with cancer in multivariable analysis. Neither individual radiologist volume nor study period impacted the results. MRI scans were not retrospectively re-read by all radiologists, precluding measurement of inter-observer agreement. Conclusions: We observed considerable variability in PIRADS score assignment and significant cancer yield across radiologists. We advise internal evaluation of mpMRI accuracy before widespread adoption. Patient summary: We evaluated the interpretation of multiparametric magnetic resonance imaging of the prostate in routine clinical care. Diagnostic accuracy depends on the Prostate Imaging Reporting and Data System score and the radiologist.
1.

Introduction
Multiparametric MRI (mpMRI) is being rapidly adopted for prostate cancer diagnosis and management. The PROMIS trial found that 27% of biopsy-naïve men with elevated prostate-specific antigen (PSA) and nonsuspicious mpMRI findings could avoid biopsy [1] . If confirmed, these findings could significantly reduce the cost and morbidity of prostate cancer diagnosis by reducing the number of men biopsied.
Before widespread adoption of mpMRI, the generalizability of published results should be rigorously evaluated. To date, most studies have come from expert centers with a small number of experienced radiologists interpreting all mpMRIs [2] [3] [4] . It is unknown if these results could be reproduced in practice settings with less experienced radiologists. The initial [5] and revised [6] Prostate Imaging Reporting and Data System (PIRADS) guidelines offered a standard to help radiologists diminish variation in the acquisition, interpretation, and reporting of prostate MRI. A multicenter, multireader study including six expert prostate radiologists found moderate reproducibility for PIRADS version 2, but did find "considerable inter-reader variation" [7] . The extent of this variation in routine clinical practice is unknown.
In our practice, nine radiologists of varying experience read all prostate mpMRI scans as part of routine clinical care. We hypothesized that differences might exist in mpMRI interpretation across radiologists that could impact clinical decision-making.
2.
Patients and methods
Patient population
We identified consecutive study subjects who underwent MRI and MRIultrasound (US) fusion targeted biopsy by a single urologist (G.A.S.) from April 2014 to October 2016. We obtained consent for prospective data collection before biopsy under a protocol approved by the institutional review board. We included subjects undergoing initial or repeat biopsy.
We excluded those who underwent external MRI, those who did not receive gadolinium contrast, and those who were previously treated for prostate cancer. For men who underwent multiple MRIs and targeted biopsies, we evaluated the most recent biopsy. The analytic cohort included 409 men. No patients were included in a prior publication.
Reporting is in accordance with the START guidelines where applicable [8] .
MRI protocol and interpretation
All mpMRI was performed using a 3-T scanner (MR750; GE Healthcare, Waukesha, WI, USA) and an external 32-channel body array coil in prostate mode (peripheral channels not used) without an endorectal coil. The imaging protocol included T2-weighted imaging (T2WI), diffusion-weighted imaging (DWI), and dynamic contrast-enhanced imaging (DCE). Supplementary Table 1 lists specifics of the imaging protocol.
All MRI scans were interpreted using PIRADS by an attending radiologist with expertise in body imaging as part of routine clinical care and
were not re-read before biopsy. PIRADS v1 was used until department- USA) and figures were generated using JMP Pro v13 (SAS Institute). Table 1 lists characteristics for the study population (n = 409). The median age was 65 yr (interquartile range [IQR] 60-69) and median PSA was 7.9 ng/ml (IQR 5.5-12.1).
Results
Study population
A radiologist identified at least one lesion in 83% of men. The mean number of lesions per subject on MRI was 1.2 (standard deviation 0.9) and the total number of lesions was 503. The 409 MRI scans were divided among nine radiologists. Table 2 shows patient and prostate cancer risk factors by radiologist. The number of MRI scans read by each radiologist ranged from 18 to 70. Variation in the number of studies read by each radiologist resulted from differences in the frequency spent on the MRI service. There were no significant differences in patient age, biopsy indication, or mean number of lesions identified across radiologists. PSA differed across radiologists (p = 0.02).
MRI interpretation
While radiologists did not differ in the mean number of lesions assigned per patient, there were differences in the PIRADS score distribution. Figure 1 shows the variation in PIRADS score assignment by radiologist. The radiologists also differed in cancer yields. Figure 2 shows the proportion of lesions containing clinically significant cancers and all cancers based on PIRADS score.
On average, clinically significant cancer was found in 13% of PIRADS 2, 12% of PIRADS 3, 38% of PIRADS 4, and 63% of PIRADS 5 lesions. When stratified by radiologist, the significant cancer yield ranged from 3% to 27% for PIRADS 3, from 23% to 65% for PIRADS 4, and from 40% to 80% for PIRADS 5 lesions. Figure 3 quantifies the variability in significant cancer yield for PIRADS 3-5 lesions across radiologists. While a higher PIRADS score was associated with a higher likelihood of identifying significant cancer for all nine radiologists, the strength of this correlation (slope of the red lines) varied by radiologist. The mean AUC for all radiologists was 0.73 (range 0.69-0.81) for detection of clinically significant cancer and 0.72 (range 0.67-0.81) for any cancer (Fig. 4) .
In our study, if biopsy were restricted to men with a PIRADS score 3 as proposed in the PROMIS trial, 90 men (22%) with PIRADS 2 would have avoided biopsy (range 12-30% across radiologists). Of these 90 men, 22 (24%) had clinically significant prostate cancer on biopsy. This proportion of false negatives ranged from 13% to 60% across radiologists.
3.3.
Adjusted results
Supplementary Table 2 shows the significance of factors associated with detection of clinically significant prostate cancer in the multivariable logistic regression models. PIR-ADS score was the dominant contributor to model fit, while radiologist and a history of active surveillance remained independently associated with clinically significant cancer on biopsy in the fully adjusted model. Use of PIRADS v1 versus v2 was not significant (p = 0.053). Pairwise comparisons between radiologists further illustrated variation in the detection of clinically significant prostate cancer (Supplementary Fig. 1 ). We found no significant change in performance as the study progressed across study period quartiles (p = 0.11) or with increasing number of cases read (p = 0.66). The interaction between individual radiologist volume and radiologist was not significant (p = 0.79). No significant difference was seen in performance between the five high-volume radiologists and the four low-volume radiologists on multivariable analysis (p = 0.2). In contrast to clinically significant cancer, PIRADS score (p < 0.0001) and a history of active surveillance (p < 0.0001) were the only factors independently associated with detection of any cancer in fully adjusted models. 
Discussion
Our study has four important findings. First, the PIRADS score distribution varied across radiologists (Fig. 1) . Previous studies have shown differences in PIRADS score distributions [3, 10] . As only institutional averages have been reported, it is not clear if this variation is due to differences in patient population, technical features of MRI acquisition, or interpretation of results. Since our study was based at a single institution with a set scanning protocol, we were able to directly assess differences in interpretation among a group of radiologists. We found significant variation in PIRADS score distributions between radiologists. More importantly, we found significant variation in the detection of clinically significant cancer by PIRADS score between individual radiologists. Second, the correlation between PIRADS score and the presence of cancer (both all cancers and clinically significant cancers) varied across radiologists. Cancer was found in 75% of PIRADS 5, 55% of PIRADS 4, 24% of PIRADS 3, and 21% 
of PIRADS 2 lesions. The strong correlation between level of suspicion on MRI and cancer yield replicates that reported in the literature [3, 4, [9] [10] [11] [12] . However, reporting only the institutional averages masks the underlying variation across radiologists. For example, we found that the presence of clinically significant cancer in PIRADS 5 lesions ranged from 40% to 80%. Variation persisted in adjusted analyses (Fig. 4 and Supplementary Fig. 1) .
Third, the proportion of men with a PIRADS score <3 (mean 22%, range 12-30%) and those with a PIRADS score <3 found to have clinically significant prostate cancer (mean 24%, range 13-60%) varied across radiologists. Recommendations from the PROMIS trial suggest that men with PIRADS scores <3 can safely be observed without prostate biopsy [1] . At our site, the proportion of men who would avoid biopsy ranged from 12% to 30%, depending on which radiologist interpreted the scans. More importantly, the proportion of men with a PIRADS score <3 found to have clinically significant cancer on biopsy varied widely across radiologists (13-60%), calling into question the safety of universal adoption of biopsy recommendations from PROMIS.
Fourth, in multivariable analysis controlling for factors associated with prostate cancer, PIRADS score, history of active surveillance, and the radiologist reading the study were associated with clinically significant prostate cancer. The PIRADS score was the most powerful factor associated with biopsy outcome, reconfirming the role of MRI in detecting prostate cancer. However, the fact that the radiologist remained independently associated with detection Fig. 3 -Detection of clinically significant prostate cancer for lesions scored as PIRADS 3 for each radiologist. A higher PIRADS score is associated with a higher likelihood of clinically significant cancer for all nine radiologists, but the strength of this association (slope of the red line) varies by radiologist. PIRADS = Prostate Imaging Reporting and Data System.
of clinically significant cancer suggests that physicians should be cautious in extrapolating published results to their local radiology practices, unless the MRI and biopsy results have been directly validated. In addition, sensitivity analyses did not detect differences in cancer yield performance over time, either collectively or for individual radiologists. This suggests that quality improvement initiatives are necessary to improve the real-world effectiveness of the PIRADS scoring system, as increased experience over time may be insufficient [13] .
Our study is novel because it is the first to systematically evaluate the accuracy of MRI interpretation across radiologists of varying experience in real-time routine clinical care. Most previous publications assessing interobserver agreement used a smaller number of radiologists who retrospectively reviewed MRIs and scored predetermined index lesions. These studies included expert radiologists [7, 16] or a mixture of experts and novices [14, 17, 18] and mostly showed good overall accuracy, with moderate interobserver reproducibility in MRI scoring. A meta-analysis of 21 studies (3857 patients) by Woo et al [15] revealed excellent sensitivity overall (0.89), but substantial heterogeneity across individual studies. This may be because of differences in study design, patient population, image acquisition, scanner type, or radiologist interpretation. By contrast, our study isolated the effect of the radiologist by using the same imaging protocol and drawing patients from the same population. It evaluated variation among attending radiologists with varying prostate MRI experience performing routine clinical care in which the MRIs are read according to the standard workflow. Radiologists do not know if cancer is present and attempt to identify all cancer foci. While some analyses did not control for random variation in patient characteristics across radiologists, variation persisted in adjusted analyses. Therefore, it is unlikely that patient-level differences would explain the large variation in MRI interpretation across radiologists.
In addition to the strength of our real-world study design, targeted and systematic biopsy histopathology was available to compare with MRI-detected lesions and with areas that appeared normal. By using biopsy outcomes instead of prostatectomy, we could include men without cancer. This design precisely recapitulates how MRI is used in clinical practice to select patients for biopsy and guide biopsy targeting. Our large sample size, which allowed multivariable statistical comparison of a large number of radiologists, is another strength. Finally, all biopsies were performed by a single urologist with extensive targeted biopsy experience, thereby minimizing variations in technique that could contribute to differences in outcomes.
The study has some limitations. First, because each MRI study was read by a single radiologist, we could not evaluate interobserver agreement. Thus, it is possible that fundamental differences between patients could contribute to the variation in interpretations. However, as stated above, it is unlikely that this entirely accounts for the large degree of variation. Furthermore, we purposefully chose our design to allow evaluation of consistency across radiologists within routine clinical care. Having all radiologists retrospectively read all MRI scans could not meet this objective because biopsies were targeted on the basis of the clinical read. Second, the study includes interpretations using both PIR-ADS v1 and v2; studies using PIRADS v1 were not re-read because the objective was to evaluate consistency in routine care. Furthermore, use of PIRADS v1 versus v2 was not significant in multivariable analysis. Third, unlike the PRO-MIS trial, in which all men underwent a perineal template mapping biopsy, we used the combination of targeted and systematic sampling. Thus, it is possible that some cancers, including clinically significant cancers, were missed because they were not seen on MRI or targeted at biopsy. Fourth, because all MRIs and radiologists came from a single center and all radiologists had fellowship training and/or extensive clinical experience, it is likely that our results underestimate the extent of interobserver variation present across all practice settings.
Notwithstanding these limitations, our study provides important insights into variation in prostate MRI results due to differences between radiologists. While numerous publications have demonstrated the potential of MRI to improve Fig. 4 -Performance of the assigned PIRADS score for detection of (A) clinically significant prostate cancer and (B) any cancer by radiologist. PIRADS = Prostate Imaging Reporting and Data System.
cancer diagnosis, use of MRI in different practice settings could be confounded by differences in radiologist interpretation. Internal validation of MRI interpretation with biopsy outcomes should be considered for each site. In addition, our findings suggest a role for MRI training modules and radiologist feedback to improve consistency in clinical practice. We have now implemented a multidisciplinary prostate imaging conference in which prostate MRI scans are retrospectively reviewed alongside pathology results, and structured performance reports are sent to each radiologist.
Conclusions
MRI is a powerful tool for prostate cancer diagnosis when performed and interpreted by expert radiologists. However, its performance varies across radiologists. In centers establishing new prostate MRI and biopsy programs, we advise internal validation before widespread adoption. Furthermore, unwanted variation in MRI interpretation suggests a target for quality improvement strategies to reduce such variation.
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